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COy-rich feeds reduce the carbon footprint of methanol using ZrO,-promoted Cu/ZnO catalysts. Suspension aging
is crucial for efficient production of those, likewise for Cu/ZnO/Al,O3 systems. We identified and tracked
markers by in/ex situ FTIR, required to deliver targeted zincian malachite. In addition, morphological changes
revealed by electron microscopy could be correlated to the respective time-resolved spectra. Based on this, the
optimization of the catalyst production process will be simplified.

1. Introduction

Reducing the carbon footprint of methanol, an important platform
chemical with several further use and increasing demand (2015: ~75
Mt; 2020: ~110 Mt; 2025 estimate: ~145 Mt), is a necessary target for
mitigating climatic changes [1-6]. Employed industrial methanol Cu/
Zn0/Al,03 (CZA) catalysts are used for conversion of synthesis gas with
less than 10 % CO; content and have been studied thoroughly [7-12].
COq-rich feeds can be provided by industrial CO5 point sources and their
conversion is reported to be promising with Cu/Zn0O/ZrO, (CZZ) cata-
lysts. These are described to overcome this change in feedstock resulting
in additional water formation by higher water tolerance still showing
good methanol productivity and acceptable stability [13-16].

Systematic optimization of the aging step requires a detailed
knowledge of the evolution of the crystal phases during said process by
diverse investigation techniques generally applied for Cu/Zn (CZ) sys-
tems [7,17-25]. According to the state of research for CZA catalysts, an
optimal precatalyst mainly consists of a malachite phase [(Cu,
Zn)2(OH)2CO3] with maximum Zn incorporation [17,26], providing
most efficient Cu-Zn interactions in the catalyst after calcination and
activation, particularly indicated by high specific surface areas and
active metallic (Cu) surface areas [27].

Recently, we described a CZZ catalyst preparation method (see
Fig. 1) using an optimized sequence of continuous co-precipitation
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followed by controlled batch-wise aging. This approach turned out to
be highly favorable towards catalyst homogeneity, scalability of catalyst
preparation and high activity in methanol synthesis [28,29]. Techni-
cally, initial nucleation takes place directly downstream in a micromixer
under highly turbulent conditions on a millisecond time scale continu-
ously delivering an amorphous precipitate at steady-state conditions,
ready for subsequent aging [28]. In order to experimentally elucidate
the thermodynamically controlled aging, its spatial and temporal sepa-
ration from the kinetically determined initial precipitation is a signifi-
cant advantage [29]. Thus, in contrast to the typically applied
precipitation induced by dropwise addition of two stock solutions (e.g.
metal nitrate salts and carbonate/bicarbonate, Fig. 1, top) into the same
vessel where aging is actually beginning, our approach specifically
comprises a very short mixing time and hence, a significantly reduced
nucleation period P in relation to the total aging period (Fig. 1, bottom).
Advantageously, this also results in minimized temporal overlap be-
tween precipitation and aging periods.

Giildenpfennig et al. characterized the so-called tipping point from in
situ FTIR monitoring during the aging period, indicating the recrystal-
lization of an amorphous phase (assumedly georgeite) to crystalline
malachite-type phases, also supported by pH monitoring data [24]. The
authors observed a sharp increase of two distinct absorptions at around
1020 and 1120 cm ™! both attributed to M—OH deformation vibrations.
Similarly, a detailed study focussing on the substitution of Mg into the
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Fig. 1. Preparation sequence depicting co-precipitation and aging yielding
precursors of CuO/ZnO/ZrO, (after calcination). In comparison to typical se-
quences comprising a longer precipitation period (batch-wise/batch-wise), this
work investigates the aging step in a largely decoupled manner by realizing a
very short period for initial nucleation (continuous/batch-wise). typ: Tipping
point, P: initial nucleation/precipitation.

malachite crystal lattice and following its insertion over time, including
in situ FTIR spectroscopy, was published by Behrendt and co-workers
[30]. Nevertheless, a description of the relevant phases occurring
throughout the suspension aging remains challenging.

2. Results and discussion

In situ IR spectroscopy should enable practical insight into complex
aging phenomena and the related phase transformations that occur in
the process, even if the materials may be amorphous. The main ab-
sorption bands recorded in situ during the ongoing precipitation and
suspension aging steps belong to nitrate-, carbonate- and hydroxy-
containing species of the metals involved (Cu, Zn, Zr). Due to similar-
ities in the coordination geometries of nitrate and carbonate anions (Dsp
point group), the expected vibrations of both ions in the relevant region
are very similar. Fig. 2a shows the changes in relative absorbance
detected by in situ FT-IR/ATR measurement during aging of CZZ pre-
cursor suspension. In order to support this IR monitoring, scanning
electron microscopy was used in combination with energy-dispersive X-
ray spectroscopy (SEM/EDXS) to assess possible connections between
collected IR data and morphology of the materials (Fig. 3).

The broad and weak absorption around 1560 em™?, for t > tyip in-
dicates the presence of mono- or bidentate CO3 . Strong absorption
bands at 1310 and 1340 cm™! (only visible beyond the tipping point /
crystallization of malachite: t > t;p) are attributed to either CO%’
(possibly monodentate; [31] symmetric stretching, v3) [32,33] or NO3
(symmetric stretching) [34,35]. The second strongest vibration at 1474
crnfl, likewise only observable at t > ty,, is also ascribed to CO3™
(asymmetric stretching, v3) [36], which indicates formation of the
malachite phase. Some weaker overlapping vibrations in the
1000-1100 cm ™~ region (1104/1056/1007 cm_l) indicate the presence
of CO%’ (symmetric stretching, v;) [33], NO3 (symmetric stretching v;)
[34], OH [37-39], CO%’ (both out-of-plane deformation vibrations)
[32,33,37], HCO3[40] or monodentate CO%‘[41,42] (—CO—H or
—CO—M symmetric stretching) fragments, respectively. This assign-
ment is in good agreement with recently published results on promoter-
free Cu/ZnO precursor formation [301."

In order to cross-check results from in situ IR spectroscopy and to
exclude signals of dissolved species (e.g. NOg3), additional ex situ

! However, assigning absorption bands in the region below 1000 cm™! is

complex, owing to the fact that bands of similar energies from the hydroxy
deformation mode could be also present. For instance, a weak absorbance
remaining throughout the aging step at 959 cm™! can be either attributed to a
metal-OH vibration in malachite Cuy(CO3)(OH), [37] or azurite [43]. Absorp-
tions lower than 780 cm™! are not analysed by the ATR device used in this
work. The very weak absorbance around 825 em! (for t > typ only) can be
tentatively described as a combination of vibrations from NO3 (asymmetric
stretching, v5) [34] and CO%~ (scissoring, v4) [33,37].
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measurements were performed on samples withdrawn after defined
aging times, followed by washing and drying. Aside from the absorp-
tions observable via in situ FTIR, additional bands at lower energy are
detected, tentatively attributed to stretching vibrations from metal
oxide/hydroxide moieties (v(Cu/Zn-O) and v(Cu/Zn—OH); Fig. 2b).
Comparing the numerous single transmission spectra reveals that the
expired period until t > ty, is reflected to be nearly the same as from in
situ ATR measurements (49 min ex situ vs. 50 min in situ). The most
significant changes between ex- and in situ spectra are the red-shift of
some bands attributed to carbonate (v3) vibration and the disappearance
of HCO3 [40] or monodentate CO%’ [41,42] (COH or CO—M stretch) at
1007 em ™! for ex situ. This points out that the precipitate is character-
ized by absorption bands that are obviously not detected with the same
sensitivity in situ (using Attenuated Total Reflectance) and ex situ (using
KBr pellets with transmission technique; SI: Table S1). Ex situ spectra
(Fig. 2b; t = 9 min) indicate georgeite as the main initial component of
the suspension [39,43], whereas SEM/EDXS reveals spherical particles
with Zn inhomogenities (Fig. 3). These inhomogenities may be due to
segregation of Zn-rich species occuring in small amounts (e.g.
NayZn3(COs3)4 x 3 HyO [19] or hydrozincite Zns(OH)g(CO3)2) and are
topic of further research. Due to the inherent higher resolution of ex situ
measurements recorded in transmission modus, the less intense ab-
sorptions of aurichalcite at 965 em™! (W(MO—H)) are also detected
during this period (9-29 min). In addition, a characteristic carbonate
bending mode (1(CO3) at 831 cm ! indicates the presence of aurichal-
cite [37,44]. Thus, aurichalcite formation also starts at an early stage
(>9 min), whereas malachite is observable at this point, too. The formed
aurichalcite is most likely crystalline and incorporates the Zn inhomo-
genities as shown by SEM/EDXS.

Throughout later aging, malachite arises (>29 min; 821/1051/1100
em™Y) [37] and increases in intensity while georgeite and aurichalcite
disappear and are not detectable anymore from 49 min onwards. This
corresponds to the literature-known tipping point, also indicated by
some typical pH drop (Fig. 2, right side). Interestingly, after 49 min of
aging, the already crystallized malachite phase observable in FTIR
temporarily disappears and reappears at 59 min. A likely explanation for
this is that a recrystallization step involving the liquid phase is taking
place, yielding mixed zincian malachite/rosasite out of the former
aurichalcite/malachite mixture. The proposed recrystallization step is
supported by SEM images, which display spherical particles around 49
min ageing time, which further transform into rod-shaped nano-
structures at 59 min, a morphological pattern typical for CZ catalyst
precursors [45]. Understanding the underlying mechanism ruling this
recrystallization step will be the topic of further specific studies.

3. Conclusion

By combining in situ FTIR (using attenuated total reflectance) with ex
situ methods (SEM/EDXS; FTIR transmission; using KBr pellet), we
found out that monitoring specific, transient FTIR absorption bands
deliver highly relevant information on the progress of the suspension
aging within the synthesis of CZZ precursors. According to literature on
CZ and CZA precursors, the presence of a copper-zinc hydroxycarbonate
(malachite) phase plays a predominant role in the formation of materials
with the right composition and morphology to deliver efficient methanol
catalysts upon calcination.

Our data obtained from ex situ measurements confirm key features of
the in situ measurements, especially regarding the changes at the
tipping/crystallization point. Apart from the increased effort, whereas
the accurate determination of the aging time for ex situ is strictly limited
by the sampling frequency, our comparison also underlines that in situ
FTIR obviously allows for precise and real-time recognition of the
tipping point. The separation of the phenomena occurring shortly after
the initial nucleation from those happening during aging is made
possible by the application of the “continuous/batch” procedure with a
micromixer upstream of the aging tank. Particular advantages of in situ



L. Warmuth et al. Inorganic Chemistry Communications 172 (2025) 113753

pH
§ A2 AP
a CO,Z __COZINOy © b . .
) )'e -g ) MA patt yi(cOs* )é(OH)oop vd0s" V(C”OIO"')V(ZrLO/oH)
§ § pattern \ // VZ(CO )‘ VRN | 179
S z o 8 (COy? 169
€9 = & 159 £
s 8 o) £ 1495
Ly %7 > 39 £
§ — IS i had
i/ Jer& = : 29 2
. — /7T e > A 198
/o — /67, [ %
57 5 o 9
: T RS 0
)
[ GE pattern
1600 1400 1200 1000 800 1600 1400 1200 1000 800 600 400 AP A%,
Wavenumber [cm] Wavenumber [cm™'] pH

Fig. 2. (a) In situ FTIR Waterfall plots recorded during aging of CZZ precursor in the spectral region 1700-800 cm ™. (b) Ex situ FTIR of samples withdrawn, washed
and dried at defined times of suspension aging, beginning after initial nucleation (bottom) to the endpoint (top). For reference, the pH evolution is shown on the right
side revealing the typical local pH minimum indicating the “tipping-point”. The typical georgeite (GE) and malachite (MA) patterns are visible as well as one main
vibration of aurichalcite (AU).

LA LA

Fig. 3. Morphological changes during suspension ageing (a) and the respective elemental distributions of Zn according to EDXS mapping (b). The other abundant
elements (e.g. Cu, Zr, O) were omitted because they did not show differences over time.
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